ABSTRACT: The environmental conditions in shallow marine environments vary on multiple temporal scales, but under the influence of climate change, these conditions are likely to change in frequency and magnitude. Phenotypic plasticity is one mechanism by which organisms can respond to this complex environmental challenge. Plasticity of reproductive timing may have beneficial value, especially for species that reproduce multiple times annually. In this study, we quantified the lunar periodicity of larval release by 2 brooding reef corals, Pocillopora damicornis and Seriatopora hystrix, in Nanwan Bay, southern Taiwan, from 2003 to 2008. Larval release was highly synchronized for both species, with lunar timing of monthly larval release varying among tidal phases, seasons and years that differed in seawater temperature. Lunar date of peak larval release for both species was related non-linearly to mean monthly seawater temperature, with release day advancing as temperature increased from winter (23°C) to summer (28°C). In the winter, peak release of larvae mainly occurred after the first quarter moon, with occasional larval release after the full moon, but in the summer, peak larval release occurred around the first quarter moon and neap tide. Since Nanwan Bay is strongly affected by intermittent upwelling induced by internal tides, the shift in reproductive timing may allow larvae released in the summer to avoid the negative thermal effects of upwelling and may also favor local retention.
INTRODUCTION
Reproductive timing of marine benthic organisms has a profound influence on offspring survival, dispersal, settlement, and recruitment, and thus plays an important role in determining reproductive success (Harrison & Wallace 1990 , Richmond & Hunter 1990 , Morgan & Christy 1994 , Morgan 1996 , Carson et al. 2010 , Christy 2011 . Reproductive timing has been correlated with several environmental factors at different temporal scales, including seasonal cycles of temperature and solar irradiance, lunar periodicity of the tide and moon, as well as the diel cycle of light− dark (Harrison & Wallace 1990 , Richmond & Hunter 1990 , Baird et al. 2009 , Harrison 2011 , Kerr et al. 2012 , which may provide cues to the occurrence of environmental conditions favored for reproductive success. Therefore, data on reproductive timing is valuable in order to better understand the ways in which organisms respond to envi-ronmental conditions, their population dynamics, and the capacity of communities to recover following disturbances.
Marine environmental conditions vary temporally, and are becoming increasingly extreme and fluctuating more under the impact of climate change, such as the occurrence of abnormally warm or cold events (Hoegh-Guldberg 1999 , Hoegh-Guldberg et al. 2007 , Moore et al. 2011 , Rivest & Gouhier 2015 . Phenotypic plasticity is one mechanism by which organisms can respond to these environmental challenges (Byrne 2011 , Cumbo et al. 2013 , Reusch 2014 . Plasticity of reproductive timing may be especially beneficial for species that reproduce multiple times annually by enabling the re lease of offspring during favorable conditions at different times of the year. Such plasticity has been demonstrated in various marine benthic organisms, such as crabs (Morgan & Christy 1994 , Morgan 1996 , Kerr et al. 2012 , Kerr 2015 and corals (Jokiel et al. 1985 , Fan & Dai 1999 , Lin et al. 2013 , Crowder et al. 2014 .
Upwelling, in its various forms, can affect the reproductive activities of marine benthic invertebrates. Seasonal wind-driven upwelling, for example, can impede coral reproduction (Glynn et al. 1991 (Glynn et al. , 2012 , weaken synchrony in the timing of larval release of crabs (Morgan et al. 2011) , and delay larval release timing of fiddler crabs (Kerr et al. 2012 , Kerr 2015 . In contrast, little is known about the effects of intermittent upwelling induced by internal tides on reproduction. Intermittent upwelling, however, can enhance coral growth (Leichter & Genovese 2006) , in crease energy reserves (Roder et al. 2010) , and enable metabolic plasticity (Roder et al. 2011 ) to confer resistance and resilience to environmental conditions, resulting in both adults and larvae being physiologically well suited to fluctuating temperature regimes (Putnam et al. 2010 , Mayfield et al. 2013 .
The brooding coral species Pocillopora damicornis and Seriatopora hystrix are common Indo-Pacific pocilloporid corals. They conduct internal fertilization and release buoyant planktonic larvae which may disperse widely or settle quickly (Harrison & Wallace 1990 , Richmond & Hunter 1990 , Fan et al. 2002 , Villanueva et al. 2008 . Larval release in these species is synchronized to the lunar phase and occurs throughout the year at low latitudes and seasonally at high latitudes (Harriott 1983 , Richmond & Jokiel 1984 , Tanner 1996 , Fan et al. 2002 , Villanueva et al. 2008 . Typically, the lunar timing of larval release of brooding coral species at a single location is highly consistent with a specific moon or tidal phase, al though this timing varies among biogeographic regi ons (Richmond & Hunter 1990 , Villanueva et al. 2008 , Baird et al. 2009 , Harrison 2011 .
The correlation between lunar timing of larval release and tidal phase suggests that ecological significance lies in either maximizing larval dispersal during spring tide or larval retention and local recruit ment during neap tide (Tanner 1996 , Fan et al. 2002 , Villanueva et al. 2008 , Harrison 2011 . The lunar cycle of tidal and moon phases may be the major proximate environmental factor controlling the lunar periodicity of larval release. However, synchronization in timing may not be fixed; for example, the timing of larval release of P. damicornis in Hawaii is plastic and can be controlled by low light intensities occurring at night (Jokiel et al. 1985) , while that of P. damicornis in southern Taiwan can be changed by manipulation of seawater temperature (Crowder et al. 2014) . Differences in lunar timing of larval release among allopatric populations likely represent adaptations to local environmental conditions and cues (Harrison & Wallace 1990 , Richmond & Hunter 1990 , Baird et al. 2009 , Harrison 2011 .
P. damicornis and S. hystrix are common on the fringing reef of Nanwan Bay, southern Taiwan, where they reproduce monthly (Dai et al. 1992 , Fan et al. 2002 . The environmental conditions in this region show seasonal and lunar variations due to several physical factors including currents, tides, internal tide-induced upwelling, monsoons, and typhoons (Lee et al. 1997 , Jan et al. 2004 , Jan & Chen 2009 , Rivest & Gouhier 2015 , Ashkenazy et al. 2016 ). In winter, Nanwan Bay is affected by the northeast monsoon, and the mean seawater temperature is ~23°C with daily perturbations of 1 to 2°C; in summer, mean seawater temperature is ~28°C with perturbations of 2 to 10°C for several hours during spring tide caused by strong internal tide-induced up welling (Lee et al. 1997 , Jan & Chen 2009 ). The seasonal and lunar variation of the marine environment in southern Taiwan may influence the temporal pattern of larval release from brooding corals, especially for species that reproduce multiple times annually.
In this study, we examined the lunar periodicity of larval release for P. damicornis and S. hystrix monthly in Nanwan Bay in 2003 (throughout the entire year) and in 2005, 2007, and 2008 (for 5 to 9 mo). Our objectives were (1) to test the hypothesis that the lunar timing of peak larval release occurs around the quarter moon and the neap tide; and (2) to test for a relationship between lunar timing of larval release and seawater temperature. Based on the results of our analyses, we explore the plasticity potential of reproductive timing in corals on a reef influenced by internal-tide induced upwelling, with a particular interest in the implications for the avoidance of strong upwelling in summer.
MATERIALS AND METHODS

Coral collection and study site
The timing of larval release from colonies of Pocil lopora damicornis and Seriatopora hystrix was determined in an aquarium system using colonies freshly collected from nearby reefs (3 to 8 m depth) in Nanwan Bay, southern Taiwan. Both species are common on these reefs, where numerous discrete colonies with roughly hemispherical morphologies can be found. Colonies of P. damicornis (8 to 18 cm diameter) and S. hystrix (7 to 27 cm diameter) were collected from Hobi hu reef (21°56' 29" N, 120°44' 70" E) in 2003, 2005, 2007, and 2008 , and additional colo nies of S. hystrix were collected from Outlet reef (21°55' 89" N, 120°45' 69" E; 1 km south of Hobihu) in 2003, 2005, and 2007 due to a limited number of colonies at Hobihu (see Tables 1 & 2) .
Each lunar month, 3 to 8 colonies of each species were collected from the reef using a hammer and chisel. Freshly collected colonies were immediately transported to the National Museum of Marine Biology and Aquarium (Pingtung, Taiwan) where the timing of larval release was studied with the colonies housed in flow-through aquaria. The use of an aquarium system to study larval release allowed for a more detailed examination than would be possible in situ, particularly in recording the day and time of larval release throughout the year. The timing of larval release from corals in aquaria and in situ is similar as long as the physical conditions in the aquaria adequately match those in the field (Richmond & Jokiel 1984 , Fan et al. 2002 , Villanueva et al. 2008 ).
Larval collection
Each colony was placed in a separate tank (6 l) that was maintained in an outdoor facility and exposed to a natural photoperiod and ambient seawater temperature, with seawater (supplied at 1 l min −1 ) pumped directly from a near-shore location (5 m depth) and sand-filtered (~50 µm). The outflow of each tank trickled through a collecting cup fitted with 100 µm mesh to retain the larvae, which typically ranged in length from 500 to 1200 µm. The number of larvae released by each colony was counted daily at ~09:00 h, since these 2 species release the majority of their larvae before dawn (Fan et al. 2006) . Colonies were replaced with new corals freshly collected from the study reefs at the end of each lunar month to ensure (1) that the timing of larval release reflected in situ release, (2) that colonies did not acclimate to the aquarium conditions, and (3) to confirm that colonies were independent statistical replicates among lunar months.
The comparison of periodicity of larval release among different months and years was expressed using a lunar calendar instead of a solar calendar because the lunar month is most strongly correlated with the tidal phases. Only colonies that retained the same coloration of freshly collected corals (i.e. that were 'healthy') and released > 20 larvae within a lu nar month were used for analyses. To quantify the lunar periodicity of larval release, using colonies as replicates, the timing of release relative to the lunar month was expressed in degrees on a 360° scale. Circular statistics were used to calculate the central tendency (a mean angle) and a measure of dispersion (angular deviation) of larval release dates for the sampled colonies (Zar 1999) . Rayleigh tests were used to test the null hypothesis that larvae were released uniformly throughout the lunar month. If the null hypothesis was rejected, the mean lunar day (MLD) of larval release for each colony was used to describe the synchronization of larval release for that lunar month (Tanner 1996 , Fan et al. 2002 , Villanueva et al. 2008 , Crowder et al. 2014 . Seasonal variations in the timing of larval release were analyzed using the parametric Watson Williams test. The year was divided into warm (April to September) and cold (January to March and October to December) seasons. All analyses were conducted using RStudio (version 1.0.44).
To relate the timing of larval release to the in situ thermal environment, seawater temperature was recorded 1 km north of the Hobihu study reef using a HOBO XT temperature logger (Onset Computer) (accuracy: ± 0.2°C) that was attached to the reef at 5 m depth. This logger recorded seawater temperature at 1 h intervals throughout the year, thus ensuring that the temperature conditions the study corals were exposed to prior to collection were known. Seawater temperature was averaged by day, and daily values were used to calculate mean temperature for each lunar month. For each species, the relationship between mean lunar day of larval release and mean monthly seawater temperature was analyzed for data pooled among study years using least squares regression. Akaike's information criterion (AIC) was used to determine which function best described the relationship (O'Connor et al. 2007) .
RESULTS
All colonies of Pocillopora damicornis and Seriatopora hystrix released larvae on monthly lunar cycles (Figs. 1−4) . Seasonality in larval output occurred in both species, with the mean number of larvae released per colony per month being low in winter (lunar November to January; 239 to 910 for P. damicornis and 31 to 1260 for S. hystrix) , but high in summer (lunar June to August; 1143 to 4092 for P. damicornis and 345 to 1915 for S. hystrix) ( Tables 1 & 2) .
Both species showed tight synchronization of larval release with respect to lunar phase (Rayleigh's test, p < 0.001 for all tests; Tables 1 & 2) throughout all 4 study years. The lunar phase upon which this synchronization was based varied among lunar months, tidal phases, seasons, and years.
The peak larval release of P. damicornis occurred around the first quarter moon in most study months (MLD 4.0 Overall, in winter the peak release of larvae for both species occurred just after the first quarter moon with occasional release after full moon, but in summer it shifted to around the first quarter moon. On the other hand, lunar patterns of larval release for both species were independent of the tidal cycle because they showed no temporal relationship to the maximum daily tidal variation in 2003 (Fig. 1) .
Maximum daily temperature variation was low and ranged between 2.0 and 3.7°C in winter (lunar December (Figs. 3 & 5) .
In lunar January and February 2005, when monthly mean seawater temperature (MMST) was coldest (Fig. 5) , peak larval release for both species occurred latest (MLD 18.9 to 21.8; Tables  1 & 2 The MLD of peak larval release was related non-linearly to MMST for both P. damicornis and S. hystrix. AIC iden- tified power functions as the best means to describe the relationship ( Fig. 6 ; F = 160.39, df = 1,184, p < 0.001, AIC = 100.0 for P. damicornis; F = 114.60, df = 1,121, p < 0.001, AIC = 5.9 for S. hystrix). As mean seawater temperature increased from ~23°C (winter) to ~28°C (summer), MLD advanced from lunar day 15 or 16 (around full moon) to lunar day 7 or 8 (around first quarter moon).
DISCUSSION
Pocillopora damicornis and Seriatopora hystrix from Nanwan Bay, southern Taiwan, showed similar patterns of high synchronization in lunar periodicity of monthly larval release throughout the year, as well as in lunar timing of larval release, which was plastic and varied among tidal phases, seasons, and years. In general, peak release of larvae occurred after the first quarter moon in winter, but coincided with the first quarter moon and neap tide in summer. Lunar date of peak larval release for both species was related non-linearly to mean monthly seawater temperature, with release day advancing as temperature increased from winter (23°C) to summer (28°C). This seasonal shift of lunar phase timing of larval release in response to temperature is novel to all other findings on lunar periodicity of larval release in brooding corals (Harrison & Wallace 1990 , Richmond & Hunter 1990 , Baird et al. 2009 , Harrison 2011 Richmond & Jokiel 1984) . Seasonal variation in reproductive output of corals is most likely related to changes in seawater temperature (Harriott 1983 , Harrison & Wallace 1990 , Richmond & Hunter 1990 , Tanner 1996 , McGuire 1998 , Harrison 2011 .
The pattern in lunar timing of larval release for P. damicornis and S. hystrix has been studied at a number of locations throughout the Indo-Pacific and typically has shown that the timing of release is constant with moon or tidal phases (Harrison & Wallace 1990 , Baird et al. 2009 ). For P. damicornis, the lunar timing of peak larval release is around the first quarter moon in Bolinao, northwestern Philippines (Villanueva et al. 2008) , and at Enewetak Atoll (Richmond & Jokiel 1984) , as well as for B morphs of P. damicornis in Hawaii (Richmond & Jokiel 1984) , which is similar to the summer release timing in southern Taiwan. In contrast, peak larval release oc curs during the second quarter moon, for example, on Heron Island in the southern Great Barrier Reef (Tanner 1996) and for Y morphs of P. damicornis in Hawaii (Richmond & Jokiel 1984) . However, larval release of P. damicornis at Lizard Island, Great Barrier Reef, occurs at full moon in winter and at new moon in summer, but at spring tides in both summer and winter (Harriott 1983) . For S. hystrix, peak larval release occurs at the second quarter moon in northwestern Philippines (Villanueva et al. 2008 ), but mainly occurs around the first quarter moon in southern Taiwan (this study).
The association of the lunar timing of larval release with seawater temperature (Fig. 6 ), yet lacking con- sistency with moon and tidal phase, suggests that temperature plays the most important role among these 3 factors in determining the timing of lunar periodicity of larval release in P. damicornis and S. hystrix in southern Taiwan. It is likely that seawater temperature serves as a proximate factor, with temperature increases favoring rapid development of gametes, embryos, larvae, and ultimately, advanced reproductive timing (O' Connor et al. 2007 , Moore et al. 2011 . Similarly, Kerr et al. (2012) found that embryo incubation period decreased non-linearly with increasing incubation temperature in 2 fiddler crabs. However, when seawater temperature approaches an upper thermal threshold value for P. damicornis and S. hystrix, larval development may be constrained by physiological and biochemical mechanisms (Edmunds et al. 2011 ) and thus reproductive timing cannot advance further. Although other seasonal environmental factors such as photo period and solar radiation may play roles in regulating the lunar timing of larval release from brooding corals, it has been demonstrated ex peri mentally that seawater temperature alone can change the timing of lunar periodicity in larval release of P. damicornis from Nan wan Bay (Crowder et al. 2014 ). In the study by Crowder et al. (2014) , the lunar timing of larval release of colonies in controlled temperature treatment tanks was changed over a single reproductive cycle. The high temperature treatment (28°C) resulted in earlier larval release compared to the low temperature (23°C). Similar to our results (Fig. 6) , Crowder et al. (2014) found that P. damicornis larval release peaked around full moon (MLD 17.5 and 12.5 in lunar March and June) and around the first quarter moon (MLD 8.4 and 7.7 Table 1 . Pocillopora damicornis. Test for uniformity of lunar distribution of larval release. MLD: mean lunar day of larval release for total colonies releasing larvae; SD: standard deviation; N: total number of colonies used to calculate MLD; z: test statistic (Rayleigh's test), n: total number of larvae released; −: no data timing with increasing temperature has also been reported for the broadcast spawning coral Echinopora lamellosa, at least when it is transplanted from northern (colder) to southern (warmer) Taiwan (Fan & Dai 1999 ). In addition, earlier annual coral spawning on inshore reefs in the Great Barrier Reef has been attributed to early rising seawater temperatures (Babcock et al. 1986 ).
The lunar timing of larval re lease was found to differ between P. damicornis and S. hystrix at Heron Island on the southern Great Barrier Reef (MLD 20.5 and 16.0 for P. damicornis and S. hystrix, respectively; Tanner 1996) and in the Philippines (MLD 10 and 25 for P. damicornis and S. hystrix, respectively; Villanueva et al. 2008) . This offset in timing of larval release between these species is thought to reduce competition for settlement surfaces and promote coexistence (Villanueva et al. 2008 ); yet in the present study, the lunar timing of larval release from P. damicornis and S. hystrix was similar for colonies collected from Nanwan Bay. However, the diel periodicity of larval release differs between these species in Nanwan Bay, with P. damicornis releasing larvae throughout the day (usually 2 peaks; one in the early morning and one at night) and S. hystrix releasing larvae with high synchrony (1 peak; close to sunrise) (Fan et al. 2006) .
Reproductive timing for most organisms presumably reflects adaptation to environmental conditions to optimize reproductive success (Harrison & Wallace 1990 , Baird et al. 2009 ). The similar seasonal variation of lunar timing of larval release in P. damicornis and S. hystrix reported herein suggests that the timing of larval release may have positive fitness consequences. It is striking that the coin- Table 2 . Seriatopora hystrix. Test for uniformity of lunar distribution of larval release. MLD: mean lunar day of larval release for total colonies releasing larvae; SD: SD: standard deviation; N: total number of colonies used to calculate MLD; z: test statistic (Rayleigh's test), n: total number of larvae released; −: no data cidence of peak larval release and neap tides in the summer may allow larvae to avoid internal tideinduced up welling, and the associated downward thermal ano malies with perturbations of 2 to 10°C for several hours during spring tide in summer in Nanwan Bay (Lee et al. 1997 , Jan & Chen 2009 ). Upwelling-driven changes in the physical and chemical conditions of seawater -which can include low temperature and reduced pH and dissolved oxygen concentration (Jan et al. 2004 , Jan & Chen 2009 , Rivest & Gouhier 2015 -are likely to have negative consequences for reef corals, especially their larvae (Nakamura et al. 2011) . These might include both physiological consequences arising from the large and frequent changes in water quality and reduced recruitment caused by the offshore transport of larvae released during periods of strong upwelling and spring tidal flows (Sponaugle et al. 2002) . In other locations, upwelling has been shown to impede coral reproduction (Glynn et al. 1991 (Glynn et al. , 2012 and recruitment (Rodríguez et al. 2009 ).
Peak larval release of P. damicornis and S. hystrix mainly occurred around the first quarter moon in summer. Furthermore, more than half of the larvae were released at around 28°C (Edmunds et al. 2011) , which corresponds to lunar day 7 or 8 based on the empirical relationship between MLD of larval release and mean seawater temperature (Fig. 6 ). This timing of reproduction differs from that described for mass spawning of broadcasting corals in Nanwan Bay, which occurs after full moon, and peaks around the second quarter moon from May to September (Dai et al. 1992) . The reason for a difference in larval release timing between brooding and broadcast species is not clear and could be an interesting direction for future research. The peak timing of larval release occurring around the first quarter moon and neap tide in summer may promote local retention of larvae on the natal reef. The local retention of larvae in summer is consistent with the highest recruitment of pocilloporids that occurs in summer months at Hobihu reef in Nanwan Bay (Soong et al. 2003 , Kuo & Soong 2010 ). This may also explain the abundance of adult colonies of P. damicornis and S. hystrix at Hobihu and Outlet reefs (Soong et al. 2003 , Fan et al. 2006 , Thachenko & Soong 2010 .
Understanding how species-specific factors and local habitat features -both individually and interactively -affect the timing and success of reproduction will improve our ability to predict how populations will respond to climate change (O'Connor et al. 2007 , Byrne 2011 , Moore et al. 2011 , Reusch 2014 , Bramanti et al. 2015 . Empirical relationships be - ) and mean lunar day of larval release for each colony of (A) Pocillopora damicornis and (B) Seriatopora hystrix based on n = 1 to 8 colonies mo −1 over 4 yr (2003, 2005, 2007, and 2008) . Time (ordinate) is expressed as days in the lunar month relative to the new moon; seawater temperature (abscissa) is averaged by month. Data points indicate mean lunar day of larval release for each colony in study months tween temperature and larval release timing (Fig. 6 ) can help predict how reproductive timing might change under the influence of ocean warming. Moreover, by demonstrating that temperature is associated with the reproductive timing of reef corals (this study), and indeed can change it (Crowder et al. 2014) , our findings reveal an important mechanism of bio-physical coupling through which seawater warming could modify synchronized ecological interactions such as those determining larval dispersal, recruitment, population dynamics, and community succession (O'Connor et al. 2007 , Byrne 2011 . Together, our re sults suggest that seawater temperature may regulate the lunar timing of larval release in brooding corals, and, therefore, increases in ocean temperature caused by climate change could disrupt the reproductive timing of reef corals.
